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Abstract 

We construct the component action of the system including an ordinary 
matter and a nilpotent multiplet in global and local supersymmetric frame¬ 
work. The higher dimensional operators of not only Goldstino but also matter 
and gravitino fields are shown, which appear due to nonlinearly realized su¬ 
persymmetry. 
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1 Introduction 

Supersymmetric (SUSY) theory has been studied as a possible candidate of new physics, a 
solution for the naturalness problem, and an effective theory of superstring. Phenomenolog¬ 
ical and cosmological SUSY models have been proposed in many kinds of literature so far. 
In such models, the SUSY breaking in the early and the present universe is important to 
realize e.g. inflation and dark energy. 

Recently, the SUSY breaking model by introducing a nilpotent chiral multiplet X, which 
is called the Volkov-Akulov (VA) multiplet jUElS], attracts attention. VA multiplet satisfies 
the superfield constraint X 2 = o M and its scalar component X becomes X ~ G a G a /F x 
where G a and F x are the fermionic and auxiliary components of X respectively. Such a 
multiplet breaks SUSY spontaneously, however, the absence of the scalar component avoids 
some problems associated with SUSY breaking scalar fields (sGoldstino) [D (5j [6; [7, (8, [9], 
mmm- For example, the destabilization of a so-called stabilizer during inflation, and 
also the moduli problem caused by the oscillation of sGoldstino can be avoided in models 
with a VA multiplet. The VA multiplet is also regarded as an effective action of the anti- 
D3 brane na dn nn tig, which plays an important role in models of moduli stabilization 
in superstring theory, such as KKLT model na and LARGE volume scenario [18]. In 
the context of the phenomenology, the system with a VA multiplet coupled to minimal 
supersymmetric standard model (MSSM) has been also studied in Refs. [HI E2Eh HU S2, 23] 

The properties of the VA multiplet has also been studied from the theoretical view¬ 
point. [2D |25]. In Refs [26; [27], it is shown that the VA multiplet is an effectively realized in 
the decoupling limit of the sGoldstino. Constrained complex linear multiplet has also been 
investigated as a Goldstone multiplet [28] [29 , 30] . 
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In this work, we construct the action of the VA multiplet coupled to a matter multi- 
plet and supergravity (SUGRA). There are some literatures in which the action of the VA 
multiplet coupled to matter has been studied [Tj5J |20; |2T[ 22] |23], however, most of them 
are models in global SUSY, and the action of a VA multiplet in SUGRA is known only 
in the SUSY gauge G a = 0 |2H E21 32], which is not suitable for the case where SUSY is 
broken by some scalar fields, that is, the Goldstino is a linear combination of the VA fermion 
G a and fermionic components of other SUSY breaking multiplets. Therefore, we construct 
the action in SUGRA without any SUSY gauge conditions, which would be useful for e.g. 
an investigation of the reheating and the gravitino production in inflation models with the 
VA multiplet. As we will show, in the case without any SUSY gauge conditions, higher 
order interactions associated with the VA fermion appear, which may affect the high scale 
phenomena, such as reheating processes in the early universe. 

The remaining parts of this paper are as follows. First, in Sec. 2, we show a systematic way 
to construct the action with the VA multiplet, which is somewhat complicated because of the 
unusual structure of equation of motion (E.O.M) of the auxiliary held F x . As demonstrations 
of our method, we show the VA action with and without a matter multiplet in global SUSY 
case and find that the VA action is reproduced. Then, we construct the VA multiplet action 
coupled to SUGRA and a matter multiplet in Sec. 3. Finally, we conclude in Sec. 4. 


2 VA multiplet action in global SUSY 

2.1 Case without matter multiplets 

First, we discuss the action of the VA multiplet as a demonstration of our systematic way 
to construct it. In this section, we use the notation in Ref. |34]. The VA multiplet X = 
X(y ) + y/29G(y) + 86F x (y ), where y a = x a + i6a a 8 and a is the index of the Minkowski 
spacetime, satisfies a superfield constraint 

X 2 = 0. (2.1) 


The constraint can be solved in terms of the scalar component X and we obtain 

x= &_ 

2F X ' 

The action we discuss is 


( 2 . 2 ) 


C 


d 4 9XX + / d 2 6fX + h.c. 


=id a Gd a G + F X F X - d a Xd a X + ( fF x + h.c.) 

=i8 a Ga°G + F V F V - <J„ (JF j 3“ (X j + ( fF x + h . c .) 


(2.3) 
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where / is a complex constant^ To obtain the on-shell action, we have to solve the E.O.M 
of F x , which can be obtained by the variation of F x \ 

FX ~S? a2 (^) +I=0 ' (2A) 

This equation is nonlinear with respect to F x and F x , and then it is difficult to solve 
the equation. However, without loss of generality, we can assume that the solution of the 
equation takes a form 

F x = A + BG 1 2 + CG 2 + DG 2 G 2 , (2.5) 


where A, B, C and D are the complex function of quantities other than G 2 and G 2 . The 
ansatz can be confirmed by the fact that G a and G& are the Grassmann number, and the 
indices a and a run over only 1 and 2. Then, e.g. G 3 , G 3 vanish identically. Thus, the 
ansatz (I2.5[) is a general expression of the solution. By substituting the ansatz (12.51) into the 
E.O.M (12.41) . we obtain the following equation, 


A + BG 2 + CG 2 + DG 2 G 2 
_ - Cd 2 G 2 \ 

1 1A\A\* \4\A\* 2A*\A\*J 

d a {G 2 )d a A ^ 2 DA d a Ad a A ^ 2 ^ 2 

" 2\A\‘ ° ~ 4|3F G G + 1\A^A G ° 


( 2 . 6 ) 


Comparing the coefficients of the series of G 2 and G 2 on the left-hand side with one of the 
right-hand side, we obtain the following set of the solution, 


A — —/, B = 0, C = 


f o2/^2 n _ o2 /~12 q2 ri2 


rd 2 G 2 , D = 


4|/| 4 ’ 16|/| 

and, therefore, we obtain the exact solution of F x as 


-d 2 G 2 d 2 G 2 1 


F x = -/( 1 + 


-G 2 d 2 G 2 


4|/| 2 16|/| 

Using the solution, we obtain the on-shell Lagrangian in Eq. 


G 2 G 2 d 2 G 2 d 2 G 2 


C = id a Ga a G — \ f\ 2 + 


2 1 1 G 2 d 2 G 2 - G-^G 2 G 2 d 2 G 2 d 2 G 2 , 


m- 


16 |/l f 


(2.7) 


( 2 . 8 ) 


(2.9) 


which is the same with the result in Ref. [23] , which is equivalent to the original VA action [T] 
as shown in Ref. [55] . 


1 The Lagrangian (12.31) . which is realized with K = |X | 2 and W = fX , describes a general system with 

a single nilpotent superfield in global SUSY, because X 2 = 0 and other possible Kahler and superpotential 

terms given by A K = a + /3(X + X) and AW = 7 , where a,/J, 7 are constants, do not contribute to 

Lagrangian. 
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2.2 Case with a matter multiplet 


We extend the VA action given by Eq. (12.91) to the one coupled to matter multiplet $ = 

(j>(y) + V29 X (y) + e9F*(yy, 


C 


d 4 d(XX + $$) 


d 2 6(f(<S>)X + g($)) + h.c. 


- d a (j)d a (j) - d a (^j^J 9 a + id aX° a X + id a Ga a G 


- l\(f"x + g")x 2 + f'G x + h.c .| 

+ F*F* + F X F X - {F x f + F*(f'X + g ') + h.c.}, 


( 2 . 10 ) 


where /($) and g(Q) are holomorphic functions of <h, and the primes on / and g denote the 
derivative with respect to 0. In this case, for a technical reason, we first solve the E.O.M of 
F^ before solving that of F x . Taking a variation for F^, we obtain 

F* = ]'X + g' (2.11) 


and substituting the solution into Eq. (12.101) . simplified Lagrangian is written as follow 

£ = - d a (f)d a (t) - d a (^x'j da + id “Xd a X + id a Ga a G 

- ji(/'W + g") x 2 + f'G X + h.c. | - | f'X + gf 
+ F x F x + (F x f + h.c.). (2.12) 


To obtain the on-shell action, we next have to solve the E.O.M of F x which can be obtained 
by a variation of F x ; 


F 


x 


G 2 


2 (F x y 


d 2 


c 2 \ 1 

' -/v 


2 F x ) 


+ / 


G 2 G 2 |/'| 2 
41 F x | 2 F* 


= 0. 


(2.13) 


Performing the same method used to solve Eq. (12.41) . we obtain the solution of Eq. (I2.13|) : 


F x = — f 


1 + 


1 (G 2 


- 


\2/ 


G 2 G 2 

w 

3 

W\ i 


9 2 (g) + i/'¥ + /y 

G 2 


1/71 - 2|rx72 + /VI 2 - [d 2 -= (/V/2 + /V) + fc.c. 


2 / 


G 2 G 2 d 2 G 2 d 2 G 2 


(2.14) 
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Substituting the solution into Eq. (12. 12ft . we obtain the on-shell Lagrangian in Eq. (j2. lQj) : 


C = 


- (I/I 2 + w\ 2 ) - d a (j)d a (j) + id a xcr a x + id a Gcr a G 
f'Gx + 2 d"x 2 ~ ~^’ C ’ 


G 2 /G 2 


^—d 2 I 
2/ \2f J 4|/| 4 


I f/|2 / f// 

II I /I f|2 i | „/|2 \/^y2/S2 , I J n 2„,2 


(I/I + |</| )G G + ( ^jG 2 x 2 + h.c. 


- (lj7]r^ G2<32 + {/Cg 2 G 2 c> 2 G 2 + h.c. 

■ I^ GWGW - Ygjyjr G2<32 x 2 S 2 - (/j^ G2G2 x 2 s 2G2 + h.c. 


. (2.15) 


The Lagrangian (12. 15 j) has not only the higher order terms of G“ as in the previous case but 
also the higher order interactions between G“ and the matter fermion X- Such higher order 
corrections are suppressed by y |(/)|, which would be the order parameter of the SUSY 
breaking. If SUSY breaking scale is sufficiently high compared to the energy scale of collider 
experiments, the effects of those interactions are not important, as discussed in Ref. 
However, in the early universe, such as the reheating era, the energy scale of the momenta 
is much higher than \/\{f)\- In such a case, the higher order terms shown in Eq. (12. 15j) may 
become important. 


3 VA multiplet action in SUGRA 

3.1 Case without matter multiplets 

In the previous section, we have derived the action of the VA multiplet in global SUSY. In 
the following, we discuss the one coupled to SUGRA. Even in such a case, we can derive the 
on-shell action through the same procedure we did in the previous section. 

To construct the action, we use the conformal SUGRA formulation j36j 37[ |38l 39j JU with 
which we can avoid tedious held redefinition procedure associated with Poincare SUGRA. 
In this section, we use the notation in the Ref. [40]. In conformal SUGRA, the constraint 
on the VA multiplet can be written as in the global SUSY case: 

X 2 = 0, (3.1) 

where X is the chiral VA multiplet whose Weyl and chiral weights, denoted by w, and n 

2 For review, see Ref. [40] . 
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(3.2) 


respectively, are ( w,n ) = (0,0) B We can solve Eq. (13. ip and obtain 

GP l G 
2 F x ’ 

where X, PlG, and F x are the scalar, the fermion, the auxiliary components of X re¬ 
spectively, and Pl is a chirality projection operator. The action of the chiral multiplet is 
generically given by 

S = [-3S 0 S 0 e-* /3 ] D + [S 3 0 W] f , (3.3) 

where S 0 denotes the chiral compensator with ( w,n ) = (1,1), denote the D- and 

F-term density formulae respectively. K and W are Kahler and superpotential respectively. 
Here we choose the following K and W, 

K=\X\ 2 , (3.4) 

W =fX + W 0 , (3.5) 

where / and Wo are complex constants. To fix unphysical parts of the superconformal 
symmetry, we put the following conventional gauge conditions f4Tj on the action (13,3ft . 

So = So = e R /\ P L x 0 -\e K/% XP L G = 0, 6^ = 0 (3.6) 

where we use the Planck unit convention ( M p i ~ 2.4 x 10 18 GeV = 1), the first condition 
corresponds to the dilatation and U(l)r ones, the second corresponds to the S-SUSY one, 
PlX° denotes the fermionic component of So, b M is the gauge field of dilatation, and the last 
condition corresponds to the special conformal boost one. Under these gauge conditions, the 
action (13.3p contains the auxiliary fields A M and F° which are the U(l)r gauge field and the 
auxiliary component of So respectively. We can eliminate them by E.O.M of them, and then 
we obtain the following action: 

£ =- 2 (R - VyA" + Csgt ) - d tl Xd> J X - i(< GPjG + GPjG) - -^GPjXGX + h.c.) 

1 _ p K/2 

- ~(GP l G)(GPrG) - — {(2 fX + X 2 W) + h.c.} 

+ 3e^|W| 2 + |F a '| 2 + ( e K/2 D x WF x + h.c.) 

+ {^X^P l G + h.c.} - ^P L G)(rP R G) 

+ ^-e abcd ($ alb ^ c )GP Rld G + l -e abcd (^ c )(Xd d X - Xd d X) 

16 8 

(3.7) 


3 The Weyl and the chiral weights are the charges under the dilatation and U(l)r, which are parts of the 
superconformal symmetry. 


■^=e K / 2 D x W^rP L G + U k ' 2 W^^P r Y v ^ + h.c. 
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where 


W = -r" U + V-P, (3.8) 

C-SGT = p \-(4’„lviPi,)(4’ t ‘Yip‘‘) - 2(V>p7pV>p)(V>'‘ 7'’'/ i ‘') + H’l’^YMiPpYY)] (3.9) 

Taking into account the fact that X = GPlG/( 2F x ), we obtain the following E.O.M by the 
variation of F x , 


fx\ F x 

+ IfXF* - -J=V,(i 7 Y^G) + l -e^^^ p d a X + 

+ 1=W 0 V^P L G + + ^(/ + W 0 X)^P L ^ V 

As in the case of Sec. El we can substitute the ansatz (12.5ft to the E.O.M, and obtain the 
following set of equations from the each coefficient of the series of GP^G and GPrG, 


W = 0 - (3 - 10) 


F x + f + W 0 X + ^f\X\ 2 - 


DX + 3W 0 f + 3\f\ 2 X-fGP L G+( 


IT 0 + 


A = -l 

Wo 


B = - 


2 A’ 


C 


1 


2 A 2 


□ 


CP C\ - 1 

-pp ) +SWJ+ W 0 A - -=V„(</)„7 "YPlG) 






CP c\ 

~2^~) + ~^ W ^ PlG + 


D = CWo _ CV»GP R V»G BW 0 


2 A 2 
C 2 
A 3 


4|Aj 


2A 2 


(3.11) 

(3.12) 


(3.13) 


v c p - - i - i - 

-1 + 3Wo/ + W 0 f + W 0 A - —^ 1v YX v P l G + -f^P Ll ^ 

4WF JJ t-- + n “ n <wv - ( ^' ) - Wp - ^7"*. 


(3.14) 


These equations uniquely determine the value of A, B, C, and D. Thus, we can obtain the 
solution of the E.O.M (13.1 Oh The explicit, solution for F x is complicated, and so we omit it 
here. 
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By substituting the on-shell expression of F x into Eq. (13.7f) . we obtain the on-shell 
Lagrangian a^ 

C=\{R- + C SGT ) - \{GP L yG + GP R fG) - |/| 2 + 3|fE 0 | 2 - \(GP l G)(GP r G ) 

z z o 

r fWn - 1 - VFn - 

+ y-UA G P L G + —f^YP L G + -f^Pn + h.c. 

- ^ 2 V,(GP l G)W(GP r G) - l -$,P L G){VP R G) + 

- (J^jGPrG^PlG + -^GPlG^PrtT^ + h.c. 

^f(GP R G)^P L G + h.c. 


2^2 [f 


{GP R GV a {GP L G) - GP L GV a (GP R G)) 


321 /1 2 
(GP l G)(GP r G) 
4|/| 2 


-4|/| 2 |Cf + 4|/| 2 + 2|fU 0 | 2 + <J + h.c 


(3.15) 


where C on the fifth line is dehned as 
1 


C = 


2/ 2 . 


v c p v^r i - f ~ 

2WJ- --=^ 7 VV„PiG + ^PlI^A 


(3.16) 


The fermion P R G is the Goldstino in this system, and therefore, we take the unitary 
gauge P R G = 0. Under the gauge condition, the Lagrangian (13.151) takes a very simple form 
given by 


C=-(R- ^ + C SGT ) - I/I 2 + 3|Wo| 2 + 


W n - 

-^V'hCrT'”'^ + h.c. 


(3.17) 


The Lagrangian (I3.17|) corresponds to the one in Ref. [31 J if we set Wq = 0. This La¬ 
grangian describes the pure supergravity system containing a graviton, a massive gravitino 
with |m 3 / 2 | = |hUoli and a cosmological constant A = —1/| 2 + 3|lLo| 2 - 


3.2 Case with a matter multiplet 

Let us extend the result shown in the previous subsection to the matter coupled one. Al¬ 
though, in principle, we can construct a system with multiple chiral matter multiplets and 

4 We would like to Magnus Tournoy for pointing out the last term missing in our previous version. 


























gauge multiplets, we discuss a simple case where there is a single chiral matter multiplet <f>. 
We assume the following Kaliler and superpotential, 


A'=A-(4,i>) + |A'| 2 , 
W + 9 (j>), 


(3.18) 

(3.19) 


where K(Q, 5>) is a real function of <f> and 5*, /($) and g($) are holomorphic functions of <f>. 
We can obtain the off-shell Poincare SUGRA action by substituting K and W into Eq. (13.3p 
with the following superconformal gauge conditions, instead of the ones in Eq. (13. 6p . 


So = S 0 = e K '\ P lX c 


,K/6 


(XP l G + KqPlx) = 0, = 0, 


(3.20) 


where K$ denotes the derivative of K with respect to $. 

The off-shell Lagrangian is 

C= V -{R- VvP" + Csgt ) - - 1 -K i3 {x I Pl17x J + X J Pr^X T ) 

X J PlHz i X R {K I jk ~ \kiKj R ) + h.c. 1 + PlX J )(x R PrX L )(K ijRL - \k iR K jL ) 


+ |~2 e f (W u + K r Wj + KjWj + K U W + K i K j W)x I PlX J + h.c. 
+ ( -±=K u i^fz J YPLX r + h.c.l - IkM.Plx^VPrX 3 ) 


V2 

J-e^K I M^ p )x 7 PRl'rX I + - Kjz J 

^e^D I W'4> ll x IJ 'PLX I + + h.c. 

+ 3e*|W| 2 + K IJ F I F J - \{F R x 1 PlX J K ijR + h.c.) + (e^DjWF 1 ), 


(3.21) 


where /, J ••• = $, X, z* = 0, z x = X, x * = and x X = G and P 7 W = W T + K T W. 

As in the same way performed in Sec. 2 and 3.1, we can solve the E.O.M of the auxiliary 
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field F x straightforwardly. Therefore, we just show the resultant on-shell action: 


C=- 2 (R- + Csgt) ~ - \k^(xPl17x + xPrVx) 

- 1 -{GP L 17G + GPnfG) - |/| 2 + 3\g\ 2 - K**\m Gx \ 2 
\^xPl1?®x{k^ - \k„k^) - 4 :*GP l $$G + h.c.j 

T ^ (xPlX)(jcPrX) -A^A^ K<pci><i>K 

- - a K^{GP lX ){GP rX ) - l -(GP L G){GP R G) 

- \( m xxX P LX + rn Gx GP LX + h.c.) + + h.c.) 

- ^K^(^P LX )(rP RX ) - l -^,P L G){VP R G) 


+ Y^ etlvpa K*&l) ll n v il) pX P B rt <TX + ■^G vpa i) lxXv ii p GP I a a G + ^e pupa x^u^p{K^d^ 


% 

16 


32|/p 


^ pct (Vvm/v) (GP R GV ff {GP L G) - GP L G\7 a (GP R G)) 


+ <J ■ 1 p lX + ^=/V» ■ iPlG + -Jn^iPrCr^v + h.c. 


1 

-4 V ^ 


GPjG 

1 


v M 


^ 1 ) 0prg * rl ^ p 


GPlG 


f 


+ h.c. 


J-JLgPlG + -4 rn xxX P LX GP L G + —,m xG GP LX GP R G + h.c. 

/ 4/ 4/ 

1 ( GP l G- „ ^GP R G - 

\ mGX J ^' 7plx + 9 —' 1FlG + h ' c ' 


- ( -LgPlG^Pr 7^ + h.c. ) + 

,4/ 

(GP L G)(GP*G) 


K 




~ _GPflG , 

m Gx m Gx -^-h h.c. 


/ 


4I./T 


4|/| 2 |C| 2 + 2|^| 2 + 4|/| 2 - K^|m Gx | 2 - -Am xxX P LX + h.c.) 


^=m Gx V> ■ 7 -P.lX + ^^PrI^u + h.c. 


- K*d a Q) 


(3.22) 
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where 


/ = e*/ 2 /, 

9 = e K/2 9i 

m xx = eK/2 W + 2 K^g' + K^g + K^K^g - T^g' + K$g)], 
m Gx = e K/2 (f + Kzf), 

m xx = e k /‘ 2 [f" + 2KJ' + K^f + K^Kj - Tf*(/' + AT*/)], 
m Gx = e A/2 <y + K 9 g), 


C = 


2/ 2 


2 9f ~ \rh xx xP R X ~ ^j=^ri v {W tx P L G) + • 7 PrX 




V^GPlV^G 

2 7 


(3.23) 

(3.24) 

(3.25) 

(3.26) 

(3.27) 

(3.28) 


(3.29) 


4 Summary 

In this work, we have constructed the action of the VA multiplet coupled to matter multiplet 
in global SUSY and SUGRA. The scalar component of the VA multiplet is related to its 
fermionic and auxiliary components as shown in Eq. (12.2)1 due to the nilpotent condition 
X 2 = 0. Such a constraint makes the E.O.M of the auxiliary field complicated, however, 
nonlinear terms in E.O.M are coupled to the fermion bilinear GPlG and (or) GPrG. Because 
of such a special structure of E.O.M, we can solve it in a systematic way, which we have 
performed in Sec. 2 and 3. 

As shown in Eqs. (12.15)1 and (13.22p . in cases with a matter multiplet, the higher order 
interactions between the VA fermion and the matter fermion appear, which are suppressed by 
not the Planck mass but a/|(/)|. As we mentioned, such couplings may become important 
for high scale physics, such as the reheating after inflation and the gravitino production 
during it. We expect that our construction is useful for a study of the phenomenological 
and cosmological consequences of the VA multiplet. For example, the action coupled to 
SUGRA enable us to discuss the perturbative and non-perturbative productions of gravitino 
as discussed in Refs. [42, [43] 

The Dirac-Born-Infeld type action in 4 dimensional Af = 1 SUGRA is also described 
by the system with the VA and gauge multiplets M- Our method is also applicable to 
constructing the component expression of such an action, which contain the higher order 
terms of gaugino. We will study such a system elsewhere. 
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Note added 


While we were completing this work, the paper [45j by Bergshoeff et al. appeared. They also 
discussed the model in Sec.3.1 of this paper. In Ref. ra. they used the superconformal gauge 
condition which is different from ours (13.61) . With our choice of the gauge conditions, the 
coupling between Ricci scalar and the VA fermion is absent, while the Lagrangian shown in 
Ref. [45] contains such a non-minimal coupling, therefore the form of the Lagrangian seems 
different. 

Acknowledgements 

We are grateful to Magnus Tournoy for pointing out a typo in the previous version of this 
paper. Y.Y. are supported in part by Research Fellowships for Young Scientists (No.26- 
4236), which are from Japan Society for the Promotion of Science. 


References 

[1] D. V. Volkov and V. P. Akulov, Phys. Lett. B 46, 109 (1973). 

[2] E. A. Ivanov and A. A. Kapustnikov, J. Phys. A 11, 2375 (1978). 

[3] M. Rocek, Phys. Rev. Lett. 41, 451 (1978). 

[4] I. Antoniadis, E. Dudas, S. Ferrara and A. Sagnotti, Phys. Lett. B 733, 32 (2014) 
|arXiv:1403.3269 [hep-th]]. 

[5] S. Ferrara, R. Kallosh and A. Linde, JHEP 1410, 143 (2014) [arXiv: 1408.4096 [hep-th]]. 

[6] R. Kallosh and A. Linde, JCAP 1501, no. 01, 025 (2015) [arXiv:1408.5950 [hep-th]]. 

[7] S. Aoki and Y. Yamada, Phys. Rev. D 90, no. 12, 127701 (2014) [arXiv: 1409.4183 
[hep-th]]. 

[8] G. Dall’Agata and F. Zwirner, JHEP 141 2, 172 (2014) [arXiv:1411.2605 [hep-th]]. 

[9] R. Kallosh, A. Linde and M. Scalisi, JHEP 1503, 111 (2015) [arXiv:1411.5671 [hep-th]]. 

[10] R. Kallosh and A. Linde, Phys. Rev. D 91, 083528 (2015) [arXiv:1502.07733 [astro- 
ph.CO]]. 

[11] M. Scalisi, arXiv: 1506.01368 [hep-th], 

[12] J. J. M. Carrasco, R. Kallosh and A. Linde, arXiv: 1506.01708 [hep-th]. 


12 




[13] K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, Nucl. Phys. B 718, 113 (2005) 
[hep-th/0503216). 

[14] R. Kallosh and T. Wrase, JHEP 1412, 117 (2014) [arXiv:1411.1121 [hep-th]]. 

[15] E. A. Bergshoeff, K. Dasgupta, R. Kallosh, A. Van Proeyen and T. Wrase, JHEP 1505, 
058 (2015) [arXiv: 1502.07627 [hep-th]]. 

[16] R. Kallosh, F. Quevedo and A. M. Uranga, arXiv:1507.07556 [hep-th], 

[17] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003) 
|hep-th/0301240]. 

[18] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, JHEP 0503, 007 
(2005) [hep-th/05020581. 

[19] I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 841, 157 
(2010) [arXiv:1006.1662 [hep-ph]]. 

[20] E. Dudas, G. von Gersdorff, D. M. Ghilencea, S. Lavignac and J. Parmentier, Nucl. 
Phys. B 855, 570 (2012) [arXiv:1106.5792 [hep-th]]. 

[21] I. Antoniadis, E. Dudas and D. M. Ghilencea, Nucl. Phys. B 857, 65 (2012) 
[arXiv:1110.5939 [hep-th]]. 

[22] I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Theor. Math. Phys. 170, 
26 (2012) [Teor. Mat. Fiz. 170, 34 (2012)]. 

[23] F. Farakos and A. Kehagias, Phys. Lett. B 719, 95 (2013) [arXiv:1210.4941 [hep-ph]]. 

[24] Z. Komargodski and N. Seiberg, JHEP 0909, 066 (2009) [arXiv:0907.2441 [hep-th]]. 

[25] S. M. Kuzenko and S. J. Tyler, JHEP 1105, 055 (2011) [arXiv:1102.3043 [hep-th]]. 

[26] R. Casalbuoni, S. De Curtis, D. Dominici, F. Feruglio and R. Gatto, Phys. Lett. B 220, 
569 (1989). 

[27] F. Farakos and A. Kehagias, Phys. Lett. B 724, 322 (2013) [arXiv: 1302.0866 [hep-th]]. 

[28] S. M. Kuzenko and S. J. Tyler, JHEP 1104, 057 (2011) [arXiv:1102.3042 [hep-th]]. 

[29] F. Farakos, O. Hulik, P. Koci and R. von Unge, arXiv: 1507.01885 [hep-th], 

[30] S. M. Kuzenko and S. J. Tyler, arXiv:1507.04593 [hep-th], 

[31] U. Lindstrom and M. Rocek, Phys. Rev. D 19, 2300 (1979). 


13 


[32] S. Samuel and J. Wess, Nucl. Phys. B 221, 153 (1983). 

[33] S. Samuel and J. Wess, Nucl. Phys. B 226, 289 (1983). 

[34] J. Wess and J. Bagger, Princeton, USA: Univ. Pr. (1992) 259 p. 

[35] S. M. Kuzenko and S. J. Tyler, Phys. Lett. B 698, 319 (2011) [arXiv: 1009.3298 [hep-th]]. 

[36] M. Kaku, P. K. Townsend and P. van Nieuwenhuizen, Phys. Rev. D 17, 3179 (1978). 

[37] M. Kaku and P. K. Townsend, Phys. Lett. B 76, 54 (1978). 

[38] P. K. Townsend and P. van Nieuwenhuizen, Phys. Rev. D 19, 3166 (1979). 

[39] T. Kugo and S. Uehara, Nucl. Phys. B 226, 49 (1983). 

[40] D. Z. Freedman and A. Van Proeyen. Supergravity. Cambridge University Press, 2012 

[41] T. Kugo and S. Uehara, Nucl. Phys. B 222, 125 (1983). 

[42] R. Kallosh, L. Kofman, A. D. Linde and A. Van Proeyen, Phys. Rev. D 61, 103503 
(2000) |hep-th/9907124], 

[43] R. Kallosh, L. Kofman, A. D. Linde and A. Van Proeyen, Class. Quant. Grav. 17, 4269 
(2000) [Class. Quant. Grav. 21, 5017 (2004)] [hep-th/0006179], 

[44] H. Abe, Y. Sakamura and Y. Yamada, Phys. Rev. D 92, no. 2, 025017 (2015) 
[arXiv: 1504.01221 [hep-th]]. 

[45] E. A. Bergshoeff, D. Z. Freedman, R. Kallosh and A. Van Proeyen, arXiv: 1507.08264 
[hep-th]. 


14 


